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1 INTRODUCTION

1.1  Purpose of this Paper

Equations are available 1o caleulate the rats of liquid migration through a composite
liner, duc 10 geomembrane defects, when the liquid head on top of the Jimer is small
compared to the thickness of the iow-permeabdiity soil component of the compasit: lin-
er, whether the defect is small (Giroud et al, 1989) or large (Giroud ¢t &l. 1992). Equa-
tions are also available for the case where the head of liquid on top of the liner is large
compared to the thickness of the low-permeability soil component of the composite: kin-
cr (Giroud et al. 1992,1994); however, in such a case, graphs arc necessary (o obtain
the value of one of the terms of the equations, which Is cuznbersozne.

In this paper, it is shown that the graphs can be replaced by cquations, which leads
to ar: entirely analyticel method for the evaluation of the rate of leachate migration
throngh a composite lincr, regardless of the head of liquid on top of the liner.

12  Composite Liner

A composite liner is a liner 1hat consists of two or more components. [ the context
| of this paper, the term composise liner will be used for linets that consist of two comipo-
nents, a geomembrane and a low-permeability soil, the gecomembrene being on 1op of
R the Jow-permeability soil.
4 | The low-permeability soil component of a composile liner is gencrally either acom-
1 pacted clay Jiner (CCL) or & geosynthetic clay liner (GCL). The thickness of a CCL is
typicaily between 0.3 and 1.5 m wherceas the thickness of 2 hydrated GCL dependsi on
the compressive stress applied during hydration and is typically between 5 and 10 mm,
i.e. on the order of 100 times less than the thickness of 2 CCL. The hydraulic conductiv-
ity of both CCLs and GCLs depends on the nature of the material, the nalure of the lig-
tid, and the applicd compressive stress; when the liquid is water or a leachate that does
not affect the hydraulic conductivity of clay, including bentonite, the hydraulic coaduc-
tivity of a CCL is typically between 1 x 10720 and 1 x 109 m/s whereas the hydrmulic
conductivity of a GCL is typically between S x 10-12 and 5 % 10712 s, i.¢. on the ocder
of 10 10 100 times less than the hydraulic conductivity of a CCL.

1.3  Liquid Migration Through u Cocuposite Liner

Since an intact geomembrane has am extremely low permeability, most of the liquid
migration through a composite liner occurs through geomembrane defects. In this pa-
per, the only mechanism of liquid migration that is considered is flow through geomem-
brane defects. The liquid considered herein is water or any aqueous solution such as
iezchate from municipal or hazardous solid waste landfills,

It there is a defect in the gecomembranc component of a compasite liner, the liguid
passes first through the geomembrane defect, then it flows laterally some distance te-
tween the geomembrane and the low-permeability soil, and, finally it infiltrates irto
and through the Jow-permeability soil layer which is the sccond component of the com-
posite liner (Figure 1), Flow in the space between the geomembrane and the low-perme-
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¥igure 1. Liquid migration through a composits liner,
Note:  The space betwaen the geomembrane and the low-permeatility soil is exsggerated 1o shaw interface
flow. The flow in the 30i) is assumed o be veriical and R is the radius of the wetted arca.

ability soif is called interface flow, and the area covered by the interface flow is called
the wetted arca.

The quality of the contact between the iwo components of a composite lirer (i.c. the
geomembrane and the low-permeability soil) is onc of the key factors goveming the rate
of flow through the composite liner, because it governs the radius of the victted area
(Figure 1). Good and poor contact conditions have been defined by Bonaparte cf al,
(1989) as follows:

® Good contact conditions correspozd to 2 geamembrane instalied, with as few
wrinkles as possible, on top of a low-permeability soil layer that bas been adequately
compacted and has a smoo:h surface.

® Poor contact conditions correspond (0 a gecomembrane that has been installed with
a ccriain numbcer of wrinkles, and/or placed on a low-pemlcabxlny soil that has not
been well compacted and does not appear smooth.

For good contact conditions, it is assumed that there is sufficient compressive stress
to maintain the geomembrane in coniact with the low-perroeability suil layer. In the
case of a GCL, good contact conditions may be assumed because GCLs are usually
instalied flat, and because the bentonite shorry that may exude from a hydrated GCL
contributes to cstablishing aclose contact between the gcomembrane and the GCL, pro-
vided sufficicnt compressive stress is applied.

Other factors affecting the rate of flow through 2 composite liner are the size of the
defect, the hydraulic conductivity of the low-permeability soil underlying the geomem-
brane, and the head of liquid cntop of thegeomcmbnm If hydrostatic conditios pre-
vail, the hesd of liquid on top of the go rine is.equal to the depth of liquid (Figurc
24) and, if the liquid is unconfined mdﬂowiu a!on; » slope (Figuse 2b), the head of
liquid an top of the geoummhrana, J ﬁoﬂ_owmg equation:

GECSYNTHETKE L. 3,
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(a) Hydrostatic conditions

() Unconfined
h = Liquid head flow
D = Liquid depth
¢t = Liquid thickness

Figure2. Head oflquid om top of the liner in the case of a liner on & stopes (s) hydrostatic
cenditions; (b) unconfined flow along the slepe.

h=1cos f=Dcos’ (1)
wherc: ¢ = thickness of liquid; D = depth of liquid; and 8 = slope angle. "
14 Geomembrane Defects

The following defect shapes are cousidersd in this paper (Figure 3a): !
* circular, with a surface area, 4, and % diameler, ¢:
< syuare, with a side Iength, b;

* rectanguler, with a length, B, and a width, b; and :
* infinitely long (B = =) with 2 width, 5.

" L5  Parameters and Units .

The parzmeters that sppear in the liquid migration rate equations are defined in Fig-
ure 3b. In the case of a liner on a slope, the liquid head, A, is defined in Figure 2 and
by Equation 1. i

33 GEOSYNTHETICS INTERNATIONAL * 1987, YOL 4, NOS. 34
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(a) b B
Q- (o [ Jb
a=xd?/4 a=h? a=8b
Circular Square Rectangular
) — Geomembrane
/ Ve Defect ares, a

Figure3. Definition of parameters used in the equations: (a) plan view showing shapes of
geomembrane defects: (b) cross section.
Note:  1f the compasite liver is oc 2 slope, ihe liquid head on top of the liner is definzd in Figure 2.

In the equations that follow, 2 is the rate of liquid migration through the: geomem-
brane defect. When the defect has an infinite Jength, the equation gives Q", which is
the liquid migsation rate per unit length of geomembrane defect,

Itis important to note that the equations for liquid migration rate that follov are semi-
cmpirical and car only be used with the following basic SI units: & (m), 4 (m), B (m),
b (m), a(m?), k, (mss), @ (m3/s), and Q* (m%s). (Notc: 1, = thickness of the Jow-perme-
ability soil companert of the composite liner; &, = hydraulic conductivity of the low-
permeability soil component of the camposite liner; ard all other symbols were defined
abuve.)

2 EXISTING EQUATIONS TO CALCULATE THE RATE OF LIQUID
MIGRATION THROUGH COMPOSITE LINERS
2.1 Equations for Small Head

The following equations have been proposed for the case where the head of liquid on
top of the liner is less than the thickness of the low-permeability soil component of the

compasite liner.

GEOSYNTHETICS INTERNATIONAL * 1887, VOL. 4, NOS. 3-4 339
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Case of a Circular Defect.  In the casc of a circular defect, the following equation has
been estzblished by Giroud ct al. (1989):

Q"’ C” ac.l ho.9 kf.n (2)

hence:

Q=0976C,, d* h> k™ 3

where C_, is the conlact quality factor (dimensionless) for a circular or square hole,
with:

Crogua SCLSC ., @
where: Copos = valug of C,, in the case of good contact conditions; and Coe = Value
of C,, in the case of poor contact conditions. (The good and poor contact conditions
were defined in Section 1.3.) The following valucs were established by Giroud ct al.
(1989):

Conood =021 5

* Cpper =115 (6)

Case of a Square Defect.  In the case of a square defect, the following equation has
been established by Giroud et al. (1992):

0=C, b A & )

In this case, the valoe of C,, is the same a8 in the case of a circulas defest discussed
above.

Case of a Defect of Infinire Length, In the case of a defect of infinite length (B = «
in Figure 3a), the following ¢quation has been established by Giroud et al. (1992):

Q‘=C'- bﬂ.l ho.ll k‘ﬁt7 (8)
where C, is the contact quality factor (dimensionless) for a defect of infinite length,
with: .
3
Copot $Coa S Cpu e ® |
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GIRCUD = Liquid Migration Through Composits Liners Due to Geomembrane Defects

whete: Cou g = Value 0f G, in the case of good contact conditions; 4nd C e pew = value
of C, in the case of poor contact conditions. The following values werz established
by Giroud et al. (1992):

Com oot =052 (10)
Cpe o =122 an

Case of a Rectangular Defect,  [n the case of a rectangular defect, the following equa-
tion has been established by Gicoud et al. (1992):

Q-_-C', bo.z ,!d" k:”‘ + C’_(B'b) bo.l ho.ns k‘ﬂ-t‘l (12)

‘where C,. and C, have the values defired above.
22 Equations for Large Head

When the head of liquid on top of the liner is greater than the thickness of the low-
permeability soil component of the composite liner, Equations 2, 3, 7, 8 and 12 are not
valid. Instead, the following equations should be used, as shown by Giroud st al. (1992):

¢ Circular defect:

Q=C, in, a™ A K7 (13)
¢ Square defect:
9=C,_ i, a* B** k" (14)
* Infinitely long defect:
Q*=C,o iy B A K (15)
# Rectangular defect:
0=C, i, b K% KX 4 Com g (B—0) ARl Al Sad (16)

where: i, = average bhydraulic gradicnt in the low-permeability soil in the case of

circular or square defect; and £+ = average hydraulic gradient in the low-permeability .. .
soil in the case of a defect of infinite length, The values of £y 80d Ly are giveninthe. .

graphs presented in Figure 4.

Tt appears that, when the head of liquid Is greater than the thickness of the low-penme=. .

ability soil component of the composite lines, the calculation of the rate of liquid migra-.

GEOSYNTHETICS INTERNATIONAL » 1807, VOL. 4, NOS, 34
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Figure 4. 4..?8%90:3*%83&0&87&&33‘5?15&;
migration rate calculations: (a) case of & clrcular or square defect; (B) case of an Infinitely
long detect (from Glrowd et al. 1992).
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tion is not catirely analytical since graphs must be used. This is aot convenicnt, espe-
cially when cakulations for 2 large number of cases have to be performed.

3 NEW EQUATIONS TO CALCULATE THE RATE OF 11QUID
MIGRAITON THROUGH COMPOSITE LINERS
31  Analytical Expression of the Average Hydraulic Gradient

Aftcr numerous attempts, it was found that a good approximation of the values of 4.,
and ing presented in Figare 4 is given by the following equations:

i =1401(R/1,)™ an

Lgu=1+02(h{1, )% (18}

32  New Equations for Liguid Migration Rate

Combining Equaticns 13 to 16 with Equations 17 and 18 gives the following equa-
tions that can be uscd to cakculate the rate of liquid migration through composite finers:

® Circular defect:
0=C,, [1+01(h/2, )** e B M (19)
hence:
0 =0976 C,[1+01(h/1,)"™]|a* 40 &2 o)
® Square defect:
0=C,, [1+01(h/1,)*"]1b"* B*® k01 @1

® Infinitely long defect:
Q*=C,, (1402 (h/1,)°"]18> A*» k¥ 22)

* Recrangular defect:
Q=C,, [1+01(4/1,"16" B* k™ +C, (1402 (h/1, "] (B-8) 6" °% K7 (23)

GEOSYNTHETICS INTERNATIONAL * 1997, VOL. 4, NCS. 34 k<
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Values of C,, ave given by Equations 4, § and 6. Values of C,« are given by Equations
9, 10 and 11. The other paramcters are defined i Section 1.5, Equations 19 10 23 are
semi-cmpirical and they must be used with the wnits defined in Section 1.5,

1t should be noted that, when the head of liquid on top of the liner is smalier than the
thickuess of the low-permeability soil companent of the composite liner, the value of
{uy, and Lo given by Equations 17 and 18, respectively, is approximately equal fo 1,
and Equations 19, 26, 21, 22 and 23 become identicai to Equations 2, 2, 7, 8 and 12,

respectively,
33 Limitations

The limits of validity of the sbove equaticns are discussed in detail by Giroud =t al.
(1997). These limits can be summarized as follows:

* If the defect is circulas, the defect diametcr should be no less than 0.5 mm anc! not
greater than 25 mm. In the case of defects that are not circular, it is proposed to use
these limitations for the defect width,

¢ The liquid head on top of the geomembrane should be equal 0 or less than 3 m.

® The hydralic conductivity of the low-permeability soil underlying the gcomen-
brure should be egual to or less than a certain value kg , which is less then the value
kea for which the relevant equation for the considered defect type (i.e. an cGoasion
selected from Equations 19 to 23) and Bemoulli’s equation for free flow through an
orifice give the same value of the rate of liquid migration through the geomembrane
defect.

To ensure a smooth transition between liquid migration rates calculated using Equa-
tions 19 to 23 and those calculated using Bernouili’s equation, Giroud et ak. (1997)pro-
pose the following value for &z :

kg = kg0 (4)

In the case where the geomembrane defect s circular, A is given by the following
tquation (Giroud ¢t al. 1997):

03891 4

b\l.” -
C"[I +0.1{'—J }h“

e

ko= (25)

Equation 25 must be used with the units defined in Section 1.5, Values of & calculated
using Equation 25 with C, = 21 (i.c. good contact conditions, as indicated by Equai-
tion 5) and #, = 0.6 m are given in Yable 1.

k) GEQCSYNTHETICS INTERNATIONAL * 1997, VOL. 4, NOS. 3-4
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Table 1. Hydraulic conductivity, Z; , of the low-permesbility soil underlying the
geomembeane that gives the upper limit of validity of the equation for Liquid migration
throngh a circular defect in a geomembrane underlain by 3 low-permenbility soil
(Equstion 20).

Head of liquid on Geomembrane defect diameter, d (mm)
top of the
"""";:’)“"" Moo 1 2 3 5 10 11284
oot 26x107 | 14x10 | 7.5x108 | 20010 | 70x10S | 3.8x10-0 | S.1x10%
0.03 14107 | 2.7%107 | 4.1w108 | 10305 § 38003 | 2110 | 2.8x10
0.l 735107 | 39x107 | 211008 | 5.7%108 | 20x10°% | L1x10- | L4x20%
03 3.8x108 | 212107 { 1.1x10% | 3.0xMr® | 10x10°8 | $5.6x10° | 7.5x10°8
; . L8xi0® | S5xi0? | 5.9%107 | 14xi0® | A.7xi0% | 26xi0Y | 34wiadS
: 3 7.0%10°° | 18x108 | 2.92107 | 5.6%107 | 19%108 | 1010 | 145105 i

Noies: The tsbulated values of X were caleulaied using Equatiun 25 with €, = 0.21 (goodconuct)mdt,
1 0.6 m. The defect diameier of 11.284 mm conesponds (0 2 defect surface aca of 1 cr’.

34 Example

A compasite liner consists of a geomembrare placed on 2 GCL having a thickness
of 6 mm and a hydraulic conductivity of2 x 10-3* m/s. The geomembrane has a rectan-
gular defect with a width of 1 mmn and a length of 15 mm. The head of liquid on top of
ths composite liner is 25 mm. Cabculate the rate of liquid migration through this defect.

The rate of liquid migration through the composile Jiper is calculated as follows using
Equation 23:

Q=C_i+01(25/6)*"](1x107)** (25 x107°)** (2 x 107" )* *+
C,[1+02(25/6)°)(15 - 1)x 107(1x 102)" (25 107°)*4 (210" )*¥

hence:
Q(m’/s) = C,,(153x10™°) + C,_(L17x167?)

Assuming good contact between the gcomembrane and the GCL, Equatiocs S and 10
give:
C.=021 C,.=052

hence:

CEOSYNTHETICS INTERNATIONAL & 1997, VOL 4, NOS. 34 345
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Q(m/s')=021x153x107° + 052 x 117 % 107 =321 x 107" + 608 x 10
hence:
0=327x10" m/s* =28 x 10" liters/day = 1.0 liter/year

1t is interesting 10 note that, if the defect had been square with & side length of 1 mem,
the rute of liquid migration through the defect would bave beer: sxpressed by the: first
term of the above equation (3.21 x 10°1! m¥/s), which is much greater than the second
tera. In other words, the calcalated rate of liquid migration is only slightly greater
through the 15 mm » ! mm defect than through the 1 mm x 1 mm defect. This is because,
in this particular example, the radius of the wetted area, calculated as indicated by Gi-
roud et sl (1992), is very large compared to the defect size and is far more dependent
on defeet wideh than on defest [eagth. (The calculation gives a wetted area radiusg of
approximately 9.6 m.)

4 CONCLUSIONS

The equativns presented in this paper provide design engineers with aa entirely ana-
Iytical method to calculaic the rate of liquid migration through a composite liner, duc
lo geomembrane defects, for liquid heads oa top of the liner up 10 3 m. The pew tqua-
tions are equivalent to the existing method (Ciroud e1 al. 1992, 1994) which requires
both equations and graphs when the kead of liquid on top of the liner is greater than the
thickness of the low-permeszbility sail component of the composite liner. However, the
rew equations arc mare convenicnt becanse the valuss that had 1o be obtained from
graphs are now incorporated into the equations (Equations 19 0 23).

The new cquations are particularly usoful in cases where the low-permeability soil
component of the composite liner is a GCL because the head of liquid on top of the limer
is often greater than the thickness of the GCI..
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NOTATIONS

Basic SI units are given in parentheses.

= defect area (m?)

= length of rcctangular defect (m)

= width of rectanguiar defect (m)

= side length of sqquare defoct (m)

= contact quality factor (dimensionless)

= contact quality tactor for a circular or square defect (dimensionlcss)

a
B

b

b

G

Con

Cewot = value of G, in the case of good contact conditions (dimensicniess)
Coopr

= value of (. in the case of poor contact conditions (dimensionless)

Cyoo = contact quality fector for a defect of infinitc length (dimensionless)
Cempe = Value of G in the case of good contact counditions (dimeasionless}

Coxpor = value of G in the case of poor contact conditions (dimensionless)
D depth of liquid on top of the geomembrane (m)

d = djamster of circular defect (m)

h = bead of liquid on top of the gcomembrane (m)

Lo = average hydraulic gradieat in the low-permeability soil ia the case of 2

circular or square defect (diroemsionless)

feng0 = average hydraulic gradient in the low-permeability soil in the case of un
infinitely long defect (dimeunsionless)
I = value of k, above which Equations 19 to 23 are not valid (m/s)
ks = value of &, for which Equation 19 to 23 and Beroulli's equation for free
flow through an orifice give the same value of the rate of liguid migration
through a geomembrance defect (m/s)
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1]

= thickness of liquid 02 tep of the gcomembrane (m)

hydraulic conductivity of the Jow-permeadility soii componcent of the
composite liner (m/s)

liquid migration rate through the considered geomembranc defect (m3/s)
liquid migration rate per uait iength of geomembrane defect in the case
of an infinitely long defect (m2/s)

radiuy of wetted area {m)

thickness of the low-permeability soil component of the composite liner
(m)
slope angle (°)

QECHYNTHETICS INTERNAT:ONAL * 1807, VOL. 4, NOS. 34
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ICDF Evap. Pond Lining System Equivalency Analysis
Steady Flux of Water Calcs

Darcy’s Law for flux of water (v): v=KkI[H + T)/T where;
k = hydraulic conductivity
H = the depth of liquid on ponded on liner
t = thickness of liner

Assume that the water flux through GCL is equal to the water flux through CCL:
VacL = VecL
and calculate the required hydraulic conductivity of the GCL by substitution:

(Kact) meqa = Keer X [Tac/Teer 1 X [(H + Teol)/(H + Taer)]

Given:

KeeL = 1.00E-07 cm/sec 1.00E-09 m/sec
TeeL = 3 feet 0.914 m
Tae= 0.25 inches 0.0064 m

(KacL) Reqd (mvsey (KoL) Reqd (cmvsec)  H (inches) H (m)
5.64E-10 5.64E-08 0.2 0.005
1.05E-11 1.05E-09 72 1.83

E-3



